This study underpins quantitative relationships that account for the combined effects 
properties responsible for these benefits are summarized in Table 1 .
19
Biochar quality can be highly variable, and its performance as an amendment -20 whether beneficial or detrimental-is often found to depend heavily on its intrinsic 
39
The prevailing hypothesis in the literature is that the selection of peak pyrolysis 40 temperature and parent biomass -as two key production variables-fundamentally af- as is the case with most properties of interest.
66
The present study advances the quantitative approach one step further by con-67 structing relationships that capture the combined influence that starting biomass and 68 temperature has on various biochar physico-chemical properties of agronomic and en-69 vironmental interest. The first objective was to gather comparable data from various 70 sources to create an unbiased meta-data set on which to perform statistical analyses.
71
The second objective was to identify groups of inter-correlated properties to gain an 72 insight into how individual properties may be affected when others are manipulated.
73
The third objective was to underpin quantitative relationships between production vari-74 ables and the measured properties of biochar in the meta-data, as listed in Table 1. The   75 fourth objective was to implement the identified relationships in a simple-to-use web 76 application, which provides an estimate of the expected properties of biochar when 77 produced under a user-defined set of production variables. The overarching goal is to 78 improve the efficiency in production of biochar with engineered properties so that it 79 can best match the needs of a particular soil or crop system. 
MATERIALS AND METHODS

81
Assembly of meta-data library
82
A library of meta-data (summarized in 
Correlation matrix and networks
98
For the first statistical analysis, a correlation matrix was built to identify the links 99 among the physical and chemical properties of biochar in this study (see Fig. 1 ). To The following steps have been used to build GLMs for the biochar system:
133
(a) In this study, the response variables are the biochar properties listed in Table 1 .
134
The predictors correspond to the production variables which are parameterized 
186
In the second step, the three candidates belonging to each data transformation group 187 were compared against each other. To do this, diagnostic plots were generated for each tests to evaluate the assumptions of the models.
198
The following criteria were used to assess model adequacy. The residual plot was to build a network representation of the 22 responses included in this study (Fig. 2) .
226
From the generated networks, three groups of interdependent biochar properties were 227 distinguished and five individual properties found to be independent (i.e., the correla- and network approach was adopted being considered less biased by missing data.
247
The networks of correlated properties provide an overview of which combinations of 248 biochar properties are more likely to occur in a given sample. The formulas of the "best" models (column 2 in the response depends on both B and T , but the two factors do not interact (B + T ).
334
This occurs for pH w , Ash, C:N, and most micronutrients. In this type of relationship,
335
B affects the response, but the rate at which T has an influence is the same across all 336 types of B (illustrated in Fig. 3B ). The following level of complexity is that in which
337
there is a significant interaction between B and T , but no main effect of B (B : T ), (as in Fig. 3D ). The Biochar Engineering tool is an integrated calculator for the biochar models 391 in Table 3 . The web-tool can be navigated through the various tabs on display at 392 the top of the page. The About tab introduces the tool, the Graphic and 
Using GLMs and web-tool to engineer a biochar
406
Recommendations for the use of the GLMs in Table 3 and determine the temperature that is most suitable to obtain the desired qualities. analyze the predictive plot for P (Fig. A.38 ). From this figure it is apparent that most
435
Bs result in biochars with low P concentrations that are minimally variable with T ; 436 crossovers associated with the B:T coupling are mainly observed on the low T range. the "best" model formula for S in Table 3 ). It is easy to distinguish that Poultry litter 442 has the highest S content, followed by Digested dairy manure and Dairy manure. Next,
443
we consider predictions for SSA(CO 2 ) (Fig. A.41) , which also show a general increase in 444 response with T at rates that depend on B (cf. formula B:T for the "best" SSA(CO 2 ) 445 model). From these predictions we identify that Hazelnut, Pine and Oak produce 446 the highest possible SSA(CO 2 ), which is enhanced as T is increased. Conversely, the 447 predictive plot for Ash (Fig. A.24) indicates that this property is typically around 30%
448 and generally increases with T . Paper waste, Poultry litter and Food waste are ranked 449 highest among the B types to show high ash at all T levels. Lastly, the predictive plot 450 for Yield (Fig. A.44 ) demonstrates a pronouncedly decreasing trend with increasing T 451 for all B types, with crossovers throughout, as expected from the "best" model formula
452
B+B:T given in Table 3 for Yield. It is evident that biochars from Paper waste and
453
Poultry litter produce the highest yield for the range of T investigated.
454
Based on the above observations, we conclude that Poultry litter pyrolysed at T 455 above 500
• C will return a biochar that meets most of the needed hypothetical prop- Table tab ) that summarizes the expected biochar properties for the input variables.
463
For discrete temperatures at 500, 550, and 600
• C, the biochar would be expected to 
A worked example for restrictions in starting biomass
474
A similar approach to that followed in the first example can be used to engineer a 475 biochar for cases in which the type of biomass is fixed. Take for instance a corn farm,
476
which is interested in selling its corn stover resources as high quality biochar because 477 livestock feed and bioenergy prices are low. The properties required from the biochar, is diminished, SSA(CO 2 ), pH w , Ash, and P are intensified, and S remains constant.
489
Assuming in addition to the required biochar properties that in order to make a profit,
490
the Yield should be at least 30%, we can conclude that the corn stover should be 491 pyrolysed at 467 • C, so the lower end of the expected yield range is above 30%. The for the desired properties is: 8.6-9.9 pH w , 1647-2214 Total (mg/kg) P, and 633.1-869.9
496
Total (mg/kg) S, 330.6-450.6 m 2 /g SSA(CO 2 ), 11.8-16.2% Ash, and 30.0-33.1% Yield. Table 2 . Production details of meta-data.
638 Table 3 . Summary of "best" models selected for each biochar characteristic. a Details not specified. 
